We study the surface phase diagram of the three-dimensional kinetic Ising model below the equilibrium critical point subjected to a periodically oscillating magnetic field. Changing the surface interaction strength as well as the period of the external field, we obtain a non-equilibrium surface phase diagram that in parts strongly resembles the corresponding equilibrium phase diagram, with an ordinary transition, an extraordinary transition and a surface transition. These three lines meet at a special transition point. For weak surface couplings, however, the surface does not order.
surface and bulk couplings we want to elucidate numerically the surface phase diagram of the three-dimensional semi-infinite kinetic Ising model (The reader should note that the phase diagram presented in Fig. 4b of Ref. [13] is in fact the phase diagram for J s = J b kept fixed but with varying coupling strength between the surface layer and the underlying layer, see the erratum [14] ). As we will see, our study reveals a surface phase diagram very similar to the equilibrium model, with an ordinary transition, a surface transition, an extraordinary transition, and a special transition point. This fully supports a recent study [15] where in the framework of an effective field theory the existence of a special transition point was predicted. On the other hand, we are also interested in understanding how a change of dynamics changes the steady-state properties of our system. In an equilibrium system static properties are the same for every choice of the dynamics that fulfills detailed balance. However, for a system with a non-equilibrium steady state, the choice of the dynamics can alter the properties of the system. As we show in this report, going from Glauber to Metropolis dynamics does not change qualitatively the surface phase diagram and has only small effects on the location of the phase transition lines.
Model. The non-equilibrium phase transition encountered in magnetic systems below their equilibrium critical points subjected to a periodically oscillating magnetic field has attracted much interest, both theoretically [17, [19] [20] [21] [22] [23] and experimentally [24] [25] [26] . This is a dynamic order-disorder phase transition where changing the period of the field allows the system to move from one phase to the other. When the period of the field is large, the spins are able to follow the magnetic field and the magnetization averaged over one period is zero. This is the disordered phase. However, when the period of the field is small, the system is not able to fully reverse its magnetization before the sign of the magnetic field changes again. Consequently, the magnetization averaged over one period is no longer zero, which is the signature of the ordered phase. Here 'small' and 'large' period is to be understood with respect to the metastable lifetime, which is the time needed for the system to decay from a fully magnetized state in presence of a field pointing in the opposite direction.
Many insights regarding this non-equilibrium phase transition have been gained by studying Ising systems with periodic boundary conditions in all space directions. In the following we consider the three-dimensional Ising model on a cubic lattice with free boundary conditions in the z-direction and periodic boundary conditions in the x-and y-directions, thereby introducing two surfaces in the z-direction. We allow for different interaction strengths in the surface layers as compared to the interactions elsewhere in the system. The Hamiltonian is then
where the first sum is exclusively over pairs of surface spins whereas the second term is over pairs of spins where at least one spin is not in the surface layer. Here S x = ±1 is the Ising spin located at site x. The surface and bulk coupling constants are both ferromagnetic, i.e.
J s > 0 and J b > 0. The third term in (1) is due to the interaction of the spins with the time-dependent external field. We use square wave fields with strength H 0 and half-period t 1/2 . In this work we restrict ourselves to values for the field amplitude and temperature used in previous studies [13, 17, 19] :
the critical temperature of the three-dimensional equilibrium Ising model.
In all the simulations reported below we considered cubic systems with L 3 spins where L ranges from 32 to 128.
Due to the presence of surfaces all quantities of interest depend on the distance to the surface. We therefore study layer-dependent quantities, notably (i) the layer dependent order parameter
i.e. the layer magnetization averaged over one period, where m(z, t) is the magnetization of layer z at time t, (ii) the layer Binder cumulant
and (iii) the layer dependent scaled variance of the order parameter
Here · · · indicates an average over many periods. The surface quantities are obtained for z = 1 and z = L, whereas we take as bulk quantities the quantities in the middle of the sample.
In order to better understand the effect of the chosen dynamics we study two different single spin flip schemes, namely Glauber dynamics and Metropolis dynamics. After selecting a spin S x at random, we compute the energy difference ∆E = H(−S x ) − H(S x ) that would entail when flipping this spin. This change of configuration is then accepted with the rate
for Glauber dynamics. For Metropolis dynamics a spin flip yielding a decrease of energy is always accepted, whereas a spin flip yielding an increase of energy is accepted with rate
α G and α M are constants that only fix the time scale. We make the common choice α G = α M = 1.
The important reference time for the following discussion is the metastable lifetime. This is the average time needed for a fully magnetized sample to reach zero magnetization when a magnetic field pointing in the opposite direction is applied. An important quantity is the parameter Θ = t 1/2 τ that describes the competition between the oscillating magnetic field and the metastable state characterized by the lifetime τ . In our kinetic model this quantity takes over the role played by temperature in the equilibrium system: when Θ increases (due to an increase of the half period t 1/2 ) a phase transition takes place between a dynamically ordered and a dynamically disordered phase. When using Glauber dynamics, this transition takes place at Θ G = 1.285 [19] . For Metropolis dynamics we locate the bulk transition point at Θ M = 1.257. Based on our data, we encounter the two distinct phase transitions for values of J s > 1.45 J b .
This allows us to locate the special transition point at J s ≈ 1.45J b . dynamics the bulk transition takes place at a sightly smaller value of Θ than for Glauber dynamics.
Conclusion. Our study reveals that the non-equilibrium surface phase diagram of the ordered three-dimensional kinetic Ising model in a periodically oscillating field exhibits all the phase transitions encountered in the corresponding equilibrium models. The existence of a special transition point is in agreement with the effective field calculations presented in [15] . A new feature in the non-equilibrium system is the absence of surface ordering at the bulk transition point for weak surface couplings, which is due to the physical mechanism underlying the ordering process. 
